The scuteUa separated from germinating barley grains (Hordewn vagare L. cv. Himalaya) took up the dipeptide 14Clglycylglycine (Gly-Gly) rapidly from incubation media. The pH optimum of the process was about 4.5, and the rate of uptake conformed to Michaelis-Menten kinetics with an apparent Km of 2.3 mm and V. of 41 imole gram-l hour-'. The uptake was strongly inhibited by dinitrophenol and cyanide and by lack of 02.
concentration. This suggests that Gly-Gly is taken up by the same mechanism as glycylsarcosine as an intact dipeptide (without hydrolysis in the membrane) and is hydrolyzed to free glycine by the abundant peptidases of the scutefla.
The uptake of Gly-Gly was not affected by glycine or leucine, but was strongly inhibited by all of the 10 dipeptides tested for inhibition. The three dipeptides tested for uptake, Ala-Gly, Pro-Gly, and Gly-Pro, were all taken up by the scuteDa. Thus, the uptake mechanism for the dipeptides seems to be rather nonspecific with respect to the side chains of the amino acids. The high rates of the uptake suggest that this process has an essential role in the mobilization of reserve proteins in the germinating grain.
Recent experiments (2, 6, 15) have shown that the N-methylated peptides, Gly-Sar3 and Gly-Sar-Sar, which are very resistant to hydrolysis by peptidases, were actively taken up and accumulated against a concentration gradient by the scutella of germinating barley grains. Gly-Gly, the easily hydrolyzed, unsubstituted analog of Gly-Sar, inhibited the uptake of both Gly-Sar and Gly-SarSar, presumably by competition for the peptide transport system (15) . Since the uptake of Gly-Sar was not inhibited by free glycine, the peptide transport system appeared to be separate from the system(s) for the transport of free amino acids.
We have now studied more closely the uptake of Gly-Gly and some other peptides by the scutellum. This paper reports an investigation of some factors affecting the uptake of Gly-Gly by the scutellum of germinating barley and its interaction with amino acids and with other peptides. The results, combined with earlier data, suggest that the hydrolysis products of the reserve proteins of the starchy endosperm are taken up by the scutellum as a mixture of amino acids and small peptides and the latter are hydrolyzed to free amino acids in the scutellum before "long distance" transport to the growing tissues of the seedling.
MATERIALS AND METHODS Plant Material. Grains of a huskiess variety of barley, Hordeum vulgare L. cv. Himalaya, were obtained from Agronomy Club, Washington State University, Pullman, Washington. They were surface-sterilized with sodium hypochlorite (10 g/l) for 20 mi, rinsed several times in sterile distilled H20, and allowed to germinate on agar (7.5 g/l) in sterile Petri dishes in the dark at 20 C for 3 days (15) .
Uptake Experiments. The standard procedure in the uptake experiments was a modification of that used previously (15) . The scutella were separated from the endosperm and the plantlet with a scalpel and washed in distilled H20 stirred by a stream of 02 for 3 hr at room temperature. Samples consisting of three or five scutella were weighed and incubated for 30 min at 30 C in a shaking water bath (140 strokes/min) in 25-ml conical flasks without stoppers containing 3 ml of 2 mm [14C]Gly-Gly (2. 10-2 ,iCi) in 10 mm sodium citrate buffer (pH 4.5). The scutella were rinsed with distilled H20, extracted for 5 min at 100 C with 1 ml of sulfosalicyclic acid (60 g/l), and the extracts were centrifuged. 14C in the extracts was determined by liquid scintillation spectrometry as described previously (15 
RESULTS
Validity of the Uptake Assay. In the standard assay the uptake of Gly-Gly was estimated by measuring the accumulation of '4C in the scutella shaken in a medium containing ['4C]Gly-Gly. However, if the dipeptide is rapidly metabolized, some "4CO2 may be released into the medium or air. To see the extent of this effect, 10 scutella were incubated under standard conditions (3 ml) for 1 hr, and the uptake of Gly-Gly was estimated with three different methods. Measuring the loss of Gly-Gly from the medium by ion exchange chromatography gave an uptake rate of 20.6 ± 1.1 ,umol g-1 hr-', measuring the loss of radioactivity from the medium gave an almost identical figure of 20.5 ± 0.8 Lmol g-' hr-1 while the accumulation of radioactivity in the scutella corresponded to a 9% lower value of 18.8 ± 0. ,umol g-'hr-'. The loss of "4C in CO2 in the air was measured directly by incubating the scutella in stoppered Warburg flasks with strips of filter paper soaked in 2 N NaOH in the central well. The amount of 4C recovered as CO2 corresponded to 2 ,umol g-1 hr' of Gly-Gly which corresponds to the difference between the standard and reference methods (1.8 ttmol-g-' hr-). In the standard assay (three scutella, 30 min) the amount of 14C lost as CO2 was 7 ± 1.6% of the 14C left in the scutella. Although the rates of uptake obtained with the standard method were slightly underestimated, no corrections were made.
Time Course of Uptake. The rate of uptake of Gly-Gly from 2 mm solution by washed scutella of germinated barley was about 20,umol g-' hr-', and was unchanged during the first 90 min of incubation (Fig. 1) . Ion exchange chromatography showed that after 30-min incubation there was no free glycine in the incubation medium. At this time, the scutella contained no intact Gly-Gly, but the amount of free glycine and some other amino acids was increased.
Effect of Prewashing. Prewashing of the freshly excised scutella in continuously oxygenated water for 1 hr produced a 2-fold increase in the uptake of Gly-Gly (Fig. 2) . After I hr, further washing caused the rate of uptake to increase only slowly. Effects of pH, Some Cations and Metabolic Inhibitors. The uptake of Gly-Gly was relatively rapid over the whole pH range studied (pH 3-8) (Fig. 3) . The pH optimum was between pH 4 and 5, and at pH 8 uptake was still 25% of that at the maximum. The rates of uptake in phosphate buffers were slightly higher than in the citrate buffers.
The rate of uptake was unaltered when the peptide was dissolved in distilled H20 (without any cations, pH 5.5) or in Triscitrate buffer (pH 5.5), instead of Na-citrate buffer of the same pH (concentrations of Na+ and Tris about 20 mM). So, at low concentration the components of the buffers (including Na+) do not have any effect on the uptake. However, addition of 100 mM sodium or potassium chloride to the standard assay medium (pH 4.5) inhibited the uptake by about 30%1o; Ca2" and Mg2" had no significant effect (P > 0.05) ( Table I) .
Inhibitors of energy metabolism and lack of 02 strongly inhibited the uptake of Gly-Gly (Table II) . The inhibitory effect of anoxia was already evident after 7-min incubation indicating that the inhibition found after 30-min incubation was probably not due to unspecific effects of long anoxia.
Effect of Gly-Gly Concentration. The effect of the concentration of Gly-Gly on its uptake is shown in Figure 4 . The magnitude of the nonmediated uptake was estimated as described in our earlier paper (15 Fig. 4) When inhibitors were used, the scutella were preincubated for 5 min in a small volume of substrate solution containing the inhibitor but not the label, and then assayed for Gly-Gly uptake in the presence of the inhibitor at the same concentration. Anoxia was obtained by first bubbling N2 through the medium and then incubating the scutella in stoppered flasks under N2. Sar under the same conditions was also determined; it was 9.6 mM.
If there were more than one system for the uptake of Gly-Gly, one or more of them might not be inhibited by Gly-Sar. This was tested by measuring the uptake of Gly-Gly in the presence of increasing concentrations of Gly-Sar. With the highest Gly-Sar concentration (60 mM) the inhibition was 88%. When the inhibitory effect of Gly-Sar was extrapolated to infinitely high concentration of the inhibitor by plotting vo/vo -vi against l/[IJ ( 12, 14) , a straight line was obtained that intersected the y axis at the point I (Fig. 5B) . This shows that in the presence of an infinitely high concentration of Gly-Sar the uptake of Gly-Gly would be completely inhibited.
Effect of Amino Acids and Peptides. Glycine and leucine (both at 10 and 40 mM) had no effect on the uptake of Gly-Gly although rather high concentrations were used. All of the 10 dipeptides tested inhibited the uptake of Gly-Gly (Table III) corresponds to the nonmediated uptake of 2.5% (= 0.51 ,umol g-' hr-') of the total uptake at 2 mm Gly-Gly. When the original values were corrected for nonmediated uptake, a rectangular hyperbola was obtained (Fig. 4 Effect of Gly-Sar on the Uptake of Gly-Gly. Gly-Sar inhibited the uptake of Gly-Gly. The two lines in Figure 5A representing v/(v/[SJ) plots of the inhibited and noninhibited uptake intersect on they axis. This indicates that Gly-Sar is a competitive inhibitor of the uptake of Gly-Gly (3). The apparent Ki for Gly-Sar was 5. the dipeptides were calculated using the formula Ki = vi/v0 -vi Km -/[S] + Km (11) . These values should be regarded as tentative, because only one concentration of the substrate and the inhibitor was used and it was not shown that the inhibitions were competitive. However, all ofthe dipeptides used with the exception of Pro-Gly seem to have higher affinity for the uptake mechanism than Gly-Gly.
The actual uptake of three dipeptides was estimated by incubating 10 scutella for I hr in the standard conditions and determining the loss of the peptide from the incubation medium by ion exchange chromatography. The approximate rate of uptake of Ala-Gly was 56 ,tmol g-' hr-', of Gly-Pro 37 ,umol g-' hr-', and of Pro-Gly 7 ,umol g-' hr-'. DISCUSSION The direct measurements show that the scutella of germinating barley grains take up Gly-Gly and some other dipeptides rapidly. The inhibition of the uptake of Gly-Gly by all of the 10 dipeptides tested, including such different dipeptides as Pro-Pro, Glu-Glu, Lys-Gly, and Leu-Leu, indicates that dipeptides composed of very dissimilar amino acids might be taken up by the same mechanism(s). Since Gly-Gly inhibits the accumulation of the tripeptide Gly-Sar-Sar in the scutella (15) it is probable that the same mechanism transports tripeptides, too.
The almost complete inhibition of the uptake of Gly-Sar by 40 mM Gly-Gly (15) and the complete and competitive inhibition of the uptake of Gly-Gly by Gly-Sar suggest that these two dipeptides are taken up by the same mechanism. This is further supported by the relative closeness of the Ki (5.6 mM) and Km (9.6 mM) for the uptake of Gly-Sar (11). Since Gly-Sar is taken up intact, it is most probable that Gly-Gly is also taken up without concomitant hydrolysis, the hydrolysis taking place after the peptide has entered the cell. The mechanisms for peptide uptake in all of the organisms studied so far seem to function without membrane hydrolysis (9) . In this respect they differ from the uptake mechanisms for disaccharides in the mammalian gut, where the transport is coupled with hydrolysis (7). In plants the uptake of sucrose to the sieve elements takes place without hydrolysis (5).
Gly-Gly does not accumulate in the scutella; consequently it is not taken up against a concentration gradient. On the other hand, Gly-Sar seems to be taken up by an active uptake mechanism capable ofaccumulating the substrate against a deep concentration gradient (15) . Since Gly-Gly and Gly-Sar seem to share the same uptake mechanism, it is likely that also Gly-Gly is taken up by active transport. The need ofenergy for the uptake is demonstrated by the inhibitory effects of metabolic inhibitors and anoxia.
The uptake of Gly-Gly by barley scutella does not require Na+ ions, which are necessary for the uptake of peptides by animal cells (8) . On the contrary, the barley system is inhibited by high concentrations of Na+ and K'. In this respect it resembles the glutamine uptake system in corn scutella (16) . Other similarities with the amino acid uptake systems in plants are the slightly acid pH optimum (1, 16, 17) and the increase of uptake by prewashing (1, 13) which probably is due to a more general metabolic activation.
The pH in the starchy endosperm of germinating barley grain is about pH 5, and the proteolytic enzymes present (endopeptidases and carboxypeptidases) seem to be able to hydrolyze the reserve proteins only to a mixture of free amino acids and small peptides (10) . Therefore, a peptide transport system with a pH optimum near pH 5 is apparently an essential part of the over-all mobilization of the reserve proteins. The amount of protein in the starchy endosperm of one barley grain is about 3 mg (calculated from ref. 10 ), corresponding to 14 umol of dipeptides (mean mol wt 220). With the maximum rate for Gly-Gly (41 ,umol g-' hr-' = 6.1 ,umol/scutellum day), this amount could be taken up by the scutellum in 2.3 days at 30 C and in 4.6 days at 20 C (rate assumed to be lower by a factor of 0.5). Actually the endosperm reserve proteins are depleted in about 8 days at 22.5 C (4). Thus, the capacity of the peptide transport mechanism seems to be of the right order of magnitude to account for the transport of the peptides that are not hydrolyzed in the starchy endosperm.
